INTRODUCTION
Ozone is normally present as a gas made of three atoms of oxygen with a cyclic structure (Figure 1) . 1 Ozone is an elemental form of oxygen occurring naturally in the Earth's atmosphere 2 surrounding the earth and shielding it from the damaging solar ultraviolet radiation. 2 Ozone is a much stronger oxidant than oxygen, and is unstable at high concentrations to result in its decomposing into oxygen molecules (half-life of 40 minutes at 20 o C). 3 It has been shown to break down into two atoms of regular oxygen by giving up an atom of singlet oxygen over a period of 20 to 30 minutes. As a highly reactive molecule, ozone exhibits strong bactericidal, fungicidal, antiviral, and anti-protozoal activities. [3] [4] [5] [6] In aqueous form, ozone could have therapeutic effects. 7 In fact, ozone was used for the first time to disinfect operating rooms in 1856 and subsequently for water treatment in 1860. [3] [4] [5] [6] 8 So far, data have shown that ozone could improve several diseases such as abscesses, 9, 10 acne, 11 eczema, 12 psoriasis, 13 human immunodeficiency virus and acquired immune deficiency syndrome, [14] [15] [16] [17] fibromyalgia, 18 arthritis, 19 asthma, 20 cancers, 7, 21 inflammation, 22 cardiac disease, 23 liver disorders, 24, 25 uveitis, 26 cystitis, 27 chronic wounds, 28 dyslipidemia, 29 osteomyelitis, 30 Raynaud's disease, 31 sepsis, 32 and sinusitis. 33 Some of the mechanisms for ozone's therapeutic actions include the generation of peroxides by ozonolysis with unsaturated fatty acids in cell membranes, activation or generation of reactive oxygen species which function as physiological enhancers of various biological processes (including increased production of adenosine triphosphate), and increased expression of intracellular enzymes with antioxidant activity. 34, 35 www.medgasres.com (control) treatment. 36 The results showed that postoperative distal tube recanalization rate (rate of clearing blockages) were significantly higher in the ozone group (56%) than in the control group (45%; P < 0.01). Six months after the intervention, the overall recanalization rate was significantly higher in ozone group (93%) than control (79%; P < 0.01). Additionally, the re-adhesion rates were significantly lower in the ozone group compared to the control group (P < 0.01). More importantly, the pregnancy rate after 12 months of the intervention was significantly higher in the ozone group (59%) compared to the control group (43%; P < 0.05). 36 These findings suggested that ozone therapy could represent a potential therapeutic agent for women with tubal infertility. Whether this treatment helps women avoid undergoing the costly assisted reproductive technology remains to be determined.
Pelvic inflammatory disease (PID) is a common condition that is characterized by infection and inflammation of the female upper genital tract, thus affecting the fallopian tubes (causing blockage and tubal infertility), uterus and adjacent pelvic structures. PID can also cause chronic pelvic pain and ectopic pregnancy. One study aimed at demonstrating the significant inhibition of PID as a result of the administration of ozone injected through the pelvic cavity in female rats. 37 Mixed bacteria consisting of Staphylococcus aureus, Escherichia coli, and M. urealyticum were used to establish the acute PID female rat model. A grinding needle was pulled and drawn in the uterine cavity on several occasions to cause mechanical injury to the endometrial tissues. Antibiotics (levofloxacin) or ozone at concentrations of 45 μg/mL and 60 μg/mL was injected continuously for 7 days into the pelvic cavity of the rats with PID. Serum levels of interleukin (IL)-6, tumor necrosis factor (TNF)-α, intercellular cell adhesion molecule-1, immunoglobulin G (IgG), IgA and IgM, and complement C3 and C4 were measured. The uteri were removed and analyzed for endometrial inflammation. The results showed that IL-6 serum level in PID rats decreased with the increase of ozone concentration. The content of TNF-α and IL-6 decreased while that of IL-2 increased in PID rats injected with 45 μg/mL or 60 μg/mL ozone. Immunoglobulin content and immunologic function of PID rats were ameliorated after injection with 45 μg/mL or 60 μg/mL ozone, where the contents of IgG, IgA and IgM, C3 and C4, and the E-rosette formation rate and transformation rate of T lymphocyte in rats in the 45 μg/mL ozone, 60 μg/mL ozone and levofloxacin groups were markedly increased (P < 0.05), the endometrial injury in PID rats was reduced after injection with 45 μg/mL or 60 μg/mL ozone, and finally IL-6 positive expression in the uterine tissue of PID rats was reduced after injection with 45 μg/mL or 60 μg/mL ozone. Taken together, the key findings of the study present evidence that ozone may aid in the treatment of PID and can represent a promising therapeutic agent for inflammatory diseases via inhibition of the necrosis of the endometrial epithelial cells and by alleviating the inflammatory reactions. 37
Endometrial factor
During childbirth in animals, the barriers of the vagina and cervix could get compromised, which could cause the bacteria to ascend into the genital tract leading to infections. The uterine inflammation and bacterial infections can disrupt the immune responses between the endometrium and the embryo, causing infertility. 38, 39 Ozone has been tested as a possible treatment to reduce the inflammation observed in endometritis. 3 A study in cows assessed whether fertility rates increased postpartum following intrauterine ozone administration. 40 In that study, one group of cows were treated with ozonated foam into the uterus within 6 hours after calving and 24 hours later while the control group received no treatment. There was a voluntary waiting period for estrus to occur. Semen from six bulls of the Simmental breed was used equally between animals. Artificial inseminations were performed daily using thawed frozen semen until ovulation. The success of the treatment was measured by the number of days open (before achieving pregnancy) and the number of artificial inseminations needed to achieve pregnancy. Cows in the ozone treatment group had 1.3 times fewer days open and an average of 1.44 times fewer artificial inseminations until pregnancy compared to the control group (P < 0.05). The authors hypothesized that it is plausible that ozone therapy, via decreasing inflammation related to endometritis, could lead to healthier endometrial environment. In order to determine the influence of preventive application of two different ozone preparations (foam spray versus pearls) on reproductive efficiency in dairy cows with physiological puerperium, 41 ozone pearls or ozone foam spray or no treatment (control group) was administered to cows during early puerperium, 24-48 hours after parturition. Artificial inseminations were performed using frozen-thawed semen. Assessment of reproductive outcome was done by monitoring the interval from calving to first insemination (days open to first service), relative pregnancy rate, first service conception rate, and all service conception rate. The relative rate of first service decreased in the control group by 38%. Cows treated with ozone spray became pregnant earlier and had better first service conception rate and all service conception rate. That study suggested that preventive ozone intrauterine application during early puerperal period, especially the foaming spray form of ozone preparations, improved the reproductive potential in dairy cows.
Another study evaluated uterine infections following dystocia and retained placenta by comparing the effect of ozone therapy to traditional antibiotic treatment in 139 ewes. 42 In that study, there were five groups: control, retained placenta with ozone, retained placenta with antibiotics, dystocia with ozone, and dystocia with antibiotics groups. Ozone foam spray was applied into the body of the uterus for 2-3 seconds and intrauterine tablets of oxytetracycline hydrochloride were administered. The investigators measured the effect of the treatments by measuring the transversal uterine diameter using transrectal ultrasonography. Their findings demonstrated that the average transversal diameter of the uterus in the retained placenta with ozone group was higher (5.39 cm) than that in the control group (4.98 cm), and lower than that in the retained placenta with antibiotics group, which had a diameter of around 5.55 cm. The ozone treatment achieved better results than antibiotics therapy. There was a difference in the uterine diameter 25 days postpartum between the retained placenta with ozone and retained placenta with antibiotics groups (P < 0.05), but there was no difference in dystocia. That study showed that ozone preparations did not cause any negative side effects and seemed to be as effective, but not better than antibiotics. 42 Retention of fetal membrane, the failure of fetal membrane removal within 6 to 8 hours after birth, is a post-parturient complication that might adversely affect reproductive potential due to endometrial factor. One study compared the efficiency of ozone therapy to antibiotics for retention of fetal membrane treatment in goats where they were treated with either ozone foam spray (n = 21) or with foaming oxytetracycline tablets (n = 20). 43 Goats in both groups were mated successfully and became pregnant in the next kidding season. More specifically, the average parity and conception rates were similar. There was no significant difference in the average number of kids per ewe between the ozone therapy and antibiotics groups (P > 0.05). 43 That study highlights the advantage of using ozone therapy instead of antibiotics because it avoids the incidence of bacterial resistance in consumers of foodstuffs of goat origin, and there is no withdrawal period for milk, meat and other tissues.
Vaginal factor
One of the causes of infertility is inflammation of the genitalia.
A study tested the effect of ozone therapy in infertile women of inflammatory etiology. 44 There were two treatment groups: primary infertility and secondary infertility. Women (n = 56, 50 of whom had infertility) revealed many infections such as chlamydiosis, mycoplasmosis, ureaplasmosis, herpes simplex and cytomegalovirus infection. The patients underwent a 12-day course of ozone therapy that included refraining from sexual intercourse, minor autohemotherapy with ozonated blood, vaginal application with ozonated distilled water, intravenous insufflation of ozonated isotonic normal saline. One hundred percentage of chlamydiosis (n = 36) and mycoplasmosis (n = 18) infections was eliminated. Most of the ureaplasmosis (30 out of 33 cases) and gardnerellesis (19 out of 21 cases) cases were cured. Five out of seven (71%) patients with herpes simplex and cytomegalovirus infection were cured. Eight out of 50 infertile women conceived within three months of the full ozone therapy course. Thus ozone therapy can be very useful in the treatment of genital inflammatory diseases potentially improving fertility.
Urovagina is the collection of urine in the cranial portion of vagina, causes pooling of urine around the cervix, ultimately leading to vaginitis and endometritis that potentially lead to lower embryo viability and infertility. 45 One study compared traditional treatment to ozone therapy 46 where 1219 cows with urovagina were treated with either saline (control) flush, or antibiotics (streptomycin) flush, or ozone therapy flush within the vagina and the uterus. Each group was inseminated up to five times until pregnancy (insemination with frozen sperm from two bulls to keep the lowest possible number of variations). If the cows were not pregnant by the fifth artificial insemination, they were then deemed infertile and culled (sent to be slaughtered). The success of the treatment was measured by the number of days open (before achieving pregnancy) and the number of artificial inseminations needed to achieve pregnancy. The group that received ozone therapy flush had the shortest period of days open, the fewest number of inseminations until pregnancy and the smallest number of culled cows (P < 0.05 for all). These findings indicated that ozone therapy flush coupled with intracornual insemination presents an effective treatment option for urovagina and could lead to successful pregnancies.
Ovarian factor
Ovarian torsion is not an uncommon problem in reproductiveaged women and it causes a reduced blood flow to the ovary causing oocyte death and lower fertility especially when the treatment involves oophorectomy. 47, 48 Patients can be treated by detorsion of the adnexa to preserve the ovary but this causes several negative consequences, like ischemia/reperfusion injuries. Ischemia leads to increased levels of lactic acid and hypoxanthine while reperfusion causes the formation of free oxygen radicals, which cause abnormal pathologic changes in the ovarian tissue. 48 A study in rats investigated the effect of ozone therapy in ovarian ischemia/reperfusion injury. 49 There were three groups of animals: a sham group (controls) where the right ovary was fixed and removed after 2 hours, a torsion group where the right ovary underwent 720 o torsion for 2 hours, followed by 2 hours reperfusion and then oophorectomy and the ozone group which underwent 720 o torsion for 2 hours, then ozone therapy was given for 10 minutes before reperfusion, 2 hours reperfusion and then oophorectomy. Tissue samples were analyzed for malondialdehyde (MDA), nitric oxide, and total sulfhydryl levels. Examination of the ovarian and periovarian sections was performed to determine the levels of congestion, hemorrhage, interstitial edema, and polymorphonuclear neutrophilic infiltrations. There was no significant difference observed between the sham group and the torsion group (P > 0.05). The ozone group had increased levels of nitric oxide, which could be ovary-protective after torsion, and also showed decreased levels of congestion and interstitial edema. MDA levels were significantly lower in the ozone group compared to the torsion and sham groups, but nitric oxide and total sulfhydryl values were higher in the ozone group compared to the torsion group (P < 0.05). Finally, MDA levels were lower in the ozone group compared to the sham group (P < 0.05) and no difference was present in nitric oxide and total sulfhydryl between the ozone group and sham group (P > 0.05). These results suggested that ozone therapy might decrease ischemia/reperfusion injury thus offering an option to an ovary-sparing approach to ovarian torsion. 49 A similar study investigated the effect of two antioxidant agents, ozone and ellagic acid, on ischemia/reperfusion injuries developed from ovarian torsion-detorsion animal model. 50 Ellagic acid has antioxidant and anti-inflammatory effects. In that study, rats were sacrificed then their ovarian tissue samples were histopathologically examined for MDA, glutathione reductase, catalase, and superoxide dismutase (SOD) levels. Tissue damages represented by hemorrhage, congestion, edema, and inflammation were also examined. The MDA, glutathione reductase, and catalase values of the ischemia/ reperfusion group were significantly higher compared to the control group (P < 0.001). The antioxidant enzyme activity and MDA levels in the ovarian tissue decreased in the ozone, www.medgasres.com ellagic acid and ozone + ellagic acid groups (P < 0.05). Histopathological examination revealed that tissue damage in the ozone, ellagic acid and ozone + ellagic acid groups decreased in comparison with the ischemia/reperfusion group (P < 0.05). Thus, these results showed that both ozone and ellagic acid, used separately or together, can be useful in the treatment of ovarian tissue injury due to ischemia/reperfusion. 50
Pelvic adhesions
Ischemia or peritoneal injuries can cause postoperative intraabdominal adhesions, which could result in pelvic pain and potentially infertility. 51 It is well know that oxidative stress plays an important role in adhesion formation 51 while ozone therapy reduces inflammation and increases antioxidant enzyme activities like glutathione peroxidase and SOD activity by altering reactive oxygen species production. 1 One study evaluated the efficacy of ozone therapy in a female Wistar rat model of experimental uterine adhesion (EUA) by using bipolar coagulation on the uterine horns and corresponding pelvic sidewall parietal peritoneum. The investigators hypothesized that ozone therapy might have protective effects on postoperative intra-abdominal adhesions. There were three groups of animals in that study: sham, EUA, and EUA + ozone therapy groups. The ozone therapy was given intraperitoneally at 0.7 mg/kg daily as a single dose for 3 days following by measurement of uterine parameters including MDA, SOD, and glutathione peroxidase levels and peritoneal fluid TNF-α levels. The results showed that the EUA + ozone therapy group had significantly lower macroscopic adhesion score and lower peritoneal TNF-α levels compared to the EUA group (P < 0.001). The alterations in uterine MDA, SOD and glutathione peroxidase induced by EUA were all significantly reversed by ozone therapy (P < 0.001, P = 0.003, P = 0.002; respectively). The authors concluded that ozone therapy could attenuate postoperative uterine adhesions by modulating TNF-α levels and by altering the oxidative state.
CONCLUSION
The current literature showed that most of the studies to date were performed on animal models and that there is a critical need to assess the effect of ozone, administered safely and particularly given transdermally and vaginally, on female reproduction (Figure 2) . Future studies should be prospective in nature and should assess the impact of ozone therapy on oocyte quality and quantity in women undergoing fertility treatment, especially those who had poor prognosis due to low ovarian reserve. Additionally, since having a thin endometrial lining is not uncommon during fertility treatment and since this problem could be frustrating for both physicians and their patients, it is worthwhile developing studies to evaluate the action of ozone on thickening the endometrial lining especially that ozone causes vasodilatation and increases tissue blood flow. Finally, it was noted that no studies to date have considered ozone therapy in the setting of unexplained recurrent pregnancy loss, a problem where efforts to date has not shown any promise; thus studies testing ozone therapy as a potential therapeutic agent in this setting are critically needed.
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